We present an information-based total-energy optimization method to produce nearly defect-free structural models of amorphous silicon. Using geometrical, structural and topological information from disordered tetrahedral networks, we have shown that it is possible to generate structural configurations of amorphous silicon, which are superior than the models obtained from conventional reverse Monte Carlo and molecular-dynamics simulations. The new data-driven hybrid approach presented here is capable of producing atomistic models with structural and electronic properties which are on a par with those obtained from the modified WootenWiner-Weaire (WWW) models of amorphous silicon. Structural, electronic and thermodynamic properties of the hybrid models are compared with the best dynamical models obtained from using machine-intelligencebased algorithms and efficient classical molecular-dynamics simulations, reported in the recent literature. We have shown that, together with the WWW models, our hybrid models represent one of the best structural models so far produced by total-energy-based Monte Carlo methods in conjunction with experimental diffraction data and a few structural constraints.
I. INTRODUCTION
Amorphous silicon continues to play a major role in the application of silicon-based device technology. 1 Recent developments of silicon-based heterojunction intrinsic technology (HIT) 2 for photovoltaic cells and the two-qubit quantum logic gates 3 are indicative of the continuing importance of amorphous/crystalline silicon and silicon-based materials. While the structure of amorphous silicon (a-Si) can be readily described by using a continuous random network (CRN) model, 4 which is characterized by the presence of high degree of tetrahedral ordering, the construction of CRN models with minimal strain and few coordination defects has been a vexing problem in structural modeling of amorphous silicon. Until recently, high-quality structural models of a-Si are best produced by the Monte Carlo based bond-switching algorithm of Wooten, Winer and Weaire (WWW). 5 The subsequent modification of the algorithm by Barkema and Mousseau 6 further augments the capability of the WWW method in producing large structural models of a-Si, exhibiting experimentally compliant structural, electronic and vibrational properties. Other important approaches that are often employed to simulate a-Si are molecular-dynamics (MD) simulations [7] [8] [9] [10] (either ab initio/classical MD or an intermediate approach between the two), reverse Monte Carlo simulations (RMC), [11] [12] [13] and the recently developed hybrid RMC methods in various flavors [14] [15] [16] including the Force Enhanced Atomic Refinement (FEAR) approach. 15 In the following, we present briefly an information-driven inverse approach (INDIA), 17 where we have shown that high-quality structural models of amorphous silicon can be produced efficiently by inverting experimental scattering data, such as structure-factor or pair-correlation data, along with additional geometrical and topological information on the local bonding environment of silicon atoms in the amorphous state.
The rest of the paper is as follows. In Sect. II, we briefly outlined the computational method for structural modeling of amorphous silicon using classical and quantum-mechanical simulations. Section III addressed the results and discussion with an emphasis on the structural, electronic, vibrational and the thermodynamic properties of the models. This is followed by the conclusions of our work.
II. COMPUTATIONAL METHOD
Recently, we have implemented an information-driven inverse approach (INDIA) to model the atomistic structure of amorphous silicon. A detailed description of the method can be found in Ref. 17 . Here, we primarily discussed the characteristic features of the resulting models with particular emphasis on the structural, topological, vibrational and thermodynamic properties of the models. Hereafter, we refer to these models as INDIA models. Following Ref. 17 , it can be shown that high-quality structural models of a-Si can be generated by inverting experimental diffraction data and structural constraints in conjunction with an appropriate totalenergy functional. For amorphous silicon, the method can be illustrated by employing the modified Stillinger-Weber (SW) potential, 18, 19 which is given by,
(1) In Eq. 1, the two-body contribution, v 2 (r ij ), is given by,
and the three-body contribution follows from, with Θ being the Heaviside step function. The potential parameters, due to Vink et al. , 19 were used in this work. The simulations were carried out by maintaining a minimum distance of 2.0Å between silicon atoms and the mass density of the model was matched with the experimental density of 2.25 g/cm 3 for amorphous silicon. The electronic and vibrational properties of models were studied using the local-basis density-functional theory (DFT) code SIESTA. 20 The latter employs pseudoatomic orbitals as basis functions (employing the double-zeta basis functions in the present work) and the norm-conserving Troullier-Martins pseudopotentials 21 within the Perdew-Burke-Ernzerhof (PBE) formulation 22 of the generalized gradient approximation (GGA).
III. RESULTS AND DISCUSSION
In this section, we discussed the results from the INDIA models and compared with the corresponding WWW models. In addition, we also examined the results from moleculardynamical models obtained using machine-intelligence-based algorithms (ML-MD) 7 and molecular-dynamics simulations (SW-MD). 8 We studied the structural properties of a-Si models consisting of up to 1024 atoms and presented the results in Table I , which listed various structural properties of the relaxation-based INDIA models, WWW models and MDbased SW models showing the average bond length (<r>), average bond angle (<θ>) and the percentage of 4-fold coordination number (C 4 ), as well as the effective coordination number (ECN). The last two quantities were computed by using the relations described in Refs. 23 and 24.
The static structure factor, S(k), of the INDIA models was compared with the WWW models and the experimental structural-factor data from Laaziri et al. 25 The structure factors presented in Fig. 1(a) size, as far as the two-body correlations are concerned. The results also match with the experimental data for as-deposited a-Si samples from Laaziri et al. 25 To examine the interstitial volumes associated with the model networks, we computed the Voronoi volumes (of the atoms) of the 512-atom INDIA, WWW and SW-MD models and plotted the respective Voronoi-volume distributions in Fig. 1(b) . The following observations are now in order. First, the Voronoi-volume distribution of a model can provide additional information on the degree of local ordering of a disordered network in a manner similar to the pair-correlation and bond-angle distributions. A narrow distribution with a sharp peak is indicative of more ordered networks, whereas networks with less order tend to show a relatively broad distribution. Second, since the Voronoi volume associated with an atom depends on the spatial positions of its nearest neighbors, the degree of inhomogeneity of a disordered network can be approximately gauged by analyzing the volume distribution, particularly the region away from the central peak. A large (or small) Voronoi volume is indicative of the presence of sparse (or dense) atomic environment in the network. 26 Thus, the presence of microvoids and the density-deficient regions in the network can be readily manifested in the Voronoi-volume distribution. It is apparent from Fig. 1(b) that, as far as the Voronoi volumes or the interstitial regions of the atoms are concerned, the SW-MD models exhibit more order than the corresponding WWW and INDIA models. This observation is quite consistent with the fact that MD models generally represent annealed samples of a-Si more closely, and hence more ordered, than those obtained from the relaxation-based Monte Carlo or similar approaches. Since the bond angles between the nearest-neighbor atoms provide limited three-body correlations between atoms, we analyze the bond-angle distribution (BAD) of the atoms in the networks. The distribution is found to be essentially Gaussian in nature, which gives the average bond angle close to the value of ideally tetrahedrally bonded silicon atoms of 109.47
• in crystalline silicon and the root-mean-square (RMS) deviation of the bond angles (∆θ) in the experimentally observed range of 9-11
• . 27 To obtain ∆θ, we fitted the BAD with a Gaussian distribution. Although the Gaussian approximation to the bond-angle distribution somewhat underestimates the RMS value, due to the absence of a few large/small angles in the distribution, it describes the BAD fairly accurately for high-quality a-Si networks. This is reflected in Table I .
Further characterization of the network is possible by examining the bond-orientational order parameter (BOP), Q l , as defined by Steinhardt et al. , 28 which provides information on the orientation of a group of bonds. Figure 2 shows the Q l values, for l = 1 to 8, for INDIA, WWW and SW-MD models consisting of 512 atoms. The BOP not only incorporates some aspects of structural information from higher-order correlation functions, but also provides a simple and effective measure for determining the presence of microcrystalline or paracrystalline structural units in the networks. 29 Here, we have used Q l (l=1,2,5) to determine the degree of crystallinity. 
The distribution of the radii of gyration of (a) 6-member rings and (b) 7-member rings for the 512-atom INDIA (red), WWW (blue) and SW-MD (green) models of a-Si. The Rg value of 6-member rings for ideal c-Si networks is shown by a vertical (green) line in Fig. 3(a) . For references to color in this figure legend, see the web version of this article.
ture of these models in comparison to the SW-MD model. This observation is in agreement with the conclusion followed from the Voronoi-volume distribution as shown in Fig. 1(b) . We also examined the topological connectivity and the associated length scale(s) for various irreducible ring structures present in the amorphous networks by computing the radius of gyration (R g ) of the rings. The R g values and the numbers of the high-member rings (≥ 7-member) can be indicative of the presence of intermediate range order (IRO) in amorphous networks. The distributions of R g of 6-member rings and 7-member rings are shown in Fig. 3(a) and Fig. 3(b) for the 512-atom models, respectively. The plot in Fig. 3(a) indicates the presence of more 6-member rings in the SW-MD model compared to the INDIA and WWW models of an identical size. This can be attributed to the somewhat more ordered nature of the SW-MD model, which has been obtained from the MD simulations and thus can be compared with annealed samples of a-Si. The average R g value of 6-member rings in c-Si is found to be 2.25Å, which is somewhat lower that the average bond length (of 2.35Å) in ideal c-Si, due to the non-planar nature of the hexagonal rings. Similarly, Fig. 3(b) shows the results for 7-member rings that are somewhat larger than the corresponding 6-member rings.
Finally, we addressed the electronic and thermodynamic properties of the INDIA models. Toward this end, we computed the electronic density of states and the variation of the specific heat at constant volume with temperature. Figure 4(a) shows the density of electronic states for the 300-and 512-atom INDIA models and compared the results with the same from the 512-atom WWW model. The INDIA models produced a remarkably clean electronic gap, almost identical to the WWW model. We studied the specific heat at constant volume (C v ) of the 300-and 512-atom INDIA models in the temperature range of 10 K-300 K. The specific heat was calculated from the (discrete) vibrational frequencies (ω) obtained from direct diagonalization of the dynamical matrices in the harmonic approximation using the relation,
and compared the resulting values with the experimental data obtained by Zink et al. 31 at low temperature in the range from 10 K to 300 K. As mentioned in Sect. II, the dynamical matrices of the models were obtained from employing the densityfunctional code SIESTA. Given the temperature range studied here, the harmonic approximation was found to be adequate in the present work. In Eq. 4, the sum over k corresponds to the Γ point only. Figure 4(b) shows the low-temperature dependence of the specific heat (C v /T 3 ) with temperature from 10 K to 300 K. The results suggest that the INDIA models are in good agreement with the experimental data for T > 40 K. The inset shows the classical Dulong-Petit limit, C v → 3R, as the temperature approaches to 300 K.
IV. CONCLUSIONS
In this paper, we have studied the structural, electronic, vibrational and thermodynamic properties of amorphous silicon obtained from using an information-driven inverse approach developed in Ref. 17 , which simultaneously uses experimental structure factor and a few structural constraints along with a classical total-energy functional. By introducing a subspace optimization scheme, it was shown that structural constraints can be readily incorporated to produce high-quality model configurations of a-Si, which are otherwise very difficult to achieve using the conventional RMC and hybrid RMC schemes. The resulting data-driven optimization method produces high-quality (i.e., a few coordination defects and a narrow bond-angle distribution) CRN models of amorphous silicon of size up to 1024 atoms. The resulting relaxationbased models have the average bond angle of 109.2
• and the root-mean-square (RMS) deviation of 9-11
• , which are within the range of experimental values obtained from Raman measurements. The data-driven computational approach can produce realistic models of a-Si, which exhibit accurate structural properties as produced by the WWW method and observed in experiments. The INDIA models show not only an excellent agreement with structural properties but also able to produce a E (eV) pristine gap in the electronic density of states and the thermodynamic and vibrational properties, compatible with experimental measurements.
